We performed positional cloning of genes carried on yeast artificial chromosomes that span a human translocation breakpoint associated with a human disease and isolated by chance human and bovine genes with strong homology to the S.cerevisiae genes, SNF2/SWI2 and STH1, and the D.melanogaster gene brahma. We report here sequence analysis, expression data, and functional studies for this human SNF2-llke gene (hSNF2L) and its bovine homolog (bovSNF2L). Despite strong homology at the amino acid level, hSNF2L is not capable of complementing the yeast mutations snf2 or sth1 in S.cerevisiae. Furthermore, in contrast to SNF2 itself, a fusion protein consisting of the DNA binding domain of LexA and hSNF2L did not transactivate a reporter gene downstream of LexA binding sites in a yeast expression system. The strong similarity between hSNF2L and these yeast and drosophila genes suggest that the mammalian genes are part of an evolutionarily conserved family that has been implicated as global activators of transcription in yeast and frultflies but whose function in mammals remains unknown.
INTRODUCTION
We have been isolating genes contained on yeast artificial chromosomes that span a human t(X;3) breakpoint in a female with the Lowe Oculocerebro-renal Syndrome (OCRL; McK309000) in order to find the gene responsible for this disease(l,2). As a byproduct of this project, we found, entirely by chance, a gene that, although not involved in OCRL, does appear to be a mammalian homolog of SNF2/SWI2 and STH1 from S.cerevisiae (3, 4) and brahma from D.melanogaster (5) , which are representatives of a class of genes termed global activators of transcription (5) . We report here the isolation and sequencing of the human hSNF2L gene and its bovine homolog, bovSNF2L, and provide data on tissue expression, map location, sequence homologies, and functional analysis in yeast.
MATERIALS AND METHODS cDNA library screening
Three cDNA libraries were screened: a bovine lens cDNA library in Xgt 11 and two human oligo dT primed human cDNA libraries (fibroblast and kidney) in Xgt 10 (Clontech). l x l O 6 recombinants were screened in each library. Two replica plaque lifts on Colony/Plaque Screen membrane (Dupont/NEN) were prepared from each plate according to the manufacturer's instructions.
Two YAC clones (RS88 and RS41(1), each comprising -60-70 kb of genomic DNA) were recovered in agarose from a CHEF (clamped homogenous electric field) gel, labeled with 32 P dCTP, preannealed with sonicated human placental DNA to block repetitive sequence hybridization, and used as hybridization probes as described previously (2) . When cDNA was used to screen libraries, the cDNA was labeled with 32 P dCTP by the random priming method (Bethesda Research Laboratories) and used to screen phage plaque lifts according to manufacturer's instructions (Dupont/NEN).
Positive clones derived from cDNA library screening were plaque-purified and bacteriophage DNA was extracted from plate lysates (6) . Each DNA was digested with EcoRl and purified via electrophoresis. The separated DNAs were then subcloned into pBluescript-SK(-) or pGEM-3Zf(-) by standard techniques (7) .
Southern and Northern analysis DNA used for Southern blotting were obtained from: a normal male, a normal female, a 48.XXXX female (Human Genetic Mutant Cell Repository), a female with oculocerebrorenal syndrome (OCRL) and a balanced translocation between X and
• To whom correspondence should be addressed 3 [46,X,+t(X;3)(q25;q27),t(14;17)(q24;q23)] (8); a humanhamster cell hybrid F649-5 which contains the der3 chromosome (Xq25-qter) from the t(X;3) female OCRL patient but lacks the derX and the normal X (RLN, unpublished data); a human-mouse cell hybrid L0I-6TG containing the derX chromosome from the same patient (Xpter-q25) without the derivative 3 or normal X (9); a human-mouse cell hybrid, RJK734, retaining Xq26-qter (10); a human-hamster cell hybrid X3000-11 containing the region Xq24-qter as its only human component (11) ; Chinese hamster V79 cells; mouse A9 cells. 10 fig of each genomic DNA was digested with BgUI overnight using 10 units enzyme/^g of DNA, phenol and chloroformextracted, ethanol precipitated and redigested using 3 units of enzyme//ig of DNA for several hours to ensure completion of the reaction. Digested genomic DNA was resolved by electrophoresis, transferred onto Hybond N (Amersham), hybridized and washed according to instructions of the manufacturer.
A human multiple tissue Northern blot filter (Clontech) was used for analysis of steady-state RNA levels in various human tissues. In addition, total RNA from fibroblast and lymphoblastoid cell cultures were prepared by the GuSCN-CsCl 2 method and 15/ig of each RNA was separated on a 1.2% agaroseformaldehyde gel (7) and transferred to a Zetabind (Cuno) membrane. Hybridization was performed under standard conditions (50% formamide, 3XSSPE, 1%SDS, 5xDenhardts, 8.5% dextran sulfate) at 42°C for 24 hours and washed to 0.5 xSSC, 0.1 % SDS at 65°C, followed by a five days exposure with intensifying screens. The Northern filters were also probed with the cDNA for the ribosomal protein rPL32(6) to control for integrity of the RNAs and loading in each lane.
Probes were prepared by random priming (Bethesda Research Laboratories) of plasmid inserts isolated from low-melting point agarose gels (7). The 5' probe specific to human kidney cDNA was prepared by polymerase chain reaction amplification using oligonucleotides 5'CCTTGTCCCCCTACTCGTTCC3' and 5'TCTTCTTCTCGCCCTTCTCCG3' (which bracket the region of HKcL15 not present in XHK; see below), the cloned HKcL15 as template, and manufacturer's reagents (Perkin -Elmer).
DNA sequencing and analysis Nucleotide sequence was determined directly on recombinant plasmid purified on Qiagen columns according to manufacturer's instructions. Dideoxy-terminator sequencing reactions were performed with fluorescent dye-labeled terminators with manufacturer's protocols and reagents (Applied Biosystems). Samples were purified with Sephadex G-50 columns (Quick Spin Columns; Boehringer Mannheim) and stored at -20°C until ready for sequencing on a 373A DNA Sequencer (Applied Biosystems). Both strands were sequenced completely to eliminate all ambiguities in sequence. All computed sequence analysis was performed using GCG software (12) . The GenBank (Release 70.0 + updates) and EMBL (Release 29.0 + updates) nucleic acid sequence databases were searched with the hSNF2L nucleic acid sequence, as well as translated and searched with the hSNF2L amino acid sequence, using the FASTA algorithm (13) as implemented in the GCG programs FASTA and TFASTA. The hSNF2L amino acid sequence was scanned for the presence of protein sequence motifs in the ProSite database (release 8.0), using the GCG program Motifs. Local similarities between individual sequences were identified according to the method of Smith and Waterman using the GCG program BestFit. Local alignments of multiple sequences were constructed by use of the above algorithms under varying parameters on individual sequence pairs, followed by manual construction and optimization of the overall alignments.
Strains, media, and genetic methods S.cerevisiae strains MCY829 (MAT a his3-A200 ura3-52 Iys2-8O1 SUC2), MCRY920 (MAT a/MAT a his3-A200/his3-A200 ura3-52/ura3-52 ade2-100/+ +/Iys2-8O1 sthl-l::URA3/+ SUC2/SUC2), and MCY2156 (MATa snf2-141 his3-£200 ura3-52 SUC2) were used as hosts. Transformation and genetic analysis of yeast were by standard techniques (14) . Synthetic complete (SC) media (14) lacked nutrients to maintain selection for plasmids. Raffinose utilization was scored by comparing anaerobic growth on SC medium containing either 2% glucose or 2% raffinose.
Transactivation assay The portion of the human hSNF2L gene encoding residues 2 through 977 was amplified by PCR and cloned into pSH2-l in both the sense (pLexA-hSNF2L) and antisense (pLexAhSNF2Lopp) orientations (15) (16) (17) . Accurate, in-frame insertion of the hSNF2L gene in the sense orientation was confirmed by sequencing. Multiple independent clones were isolated and used for subsequent studies. Transactivation by pLexA-hSNF2L was assayed in yeast MCY829 using /3-galactosidase as a reporter gene carried in vectors pLRlAl and pi840 which, respectively, lack or contain LexA binding sequences upstream of /3-galactosidase (16, 18) . /3-galactosidase assays in liquid culture of yeast were by standard protocols (19) .
Immunoblot analysis
Protein extracts were prepared from strain MCY829 (wild type) carrying pLexA-hSNF2L. Proteins were separated by SDS-PAGE and immunoblot analysis was carried out as described previously (4) . Polyclonal LexA antibody was a gift of J.Kamens and R.Brent.
RESULTS

cDNA library screening
In our search for expressed sequences contained within YAC RS41, a bovine lens cDNA library was initially screened with labeled YAC isolated from a pulsed field gel. Over 160 positive signals were found, all but three of which were shown to be the result of plasmid contamination of the library when pYAC4 alone was used to probe the same filters. However, three clones (BLcL12, 14 and 16) were detected with RS41 but not with pYAC4 (2). The insert in BLcL12 was 2.2 kb and BLcL14 (and its identical sibling clone BLcL16) had an insert of 1.4 kb. The screening of human kidney and fibroblast cDNA libraries with BLcL12 and BLcL14 as probes resulted in the isolation of lambda clones containing a 2.7 kb kidney cDNA (\HKcL15) and a 3.6 kb fibroblast cDNA (XHF).
DNA sequence
Sequence analysis was performed on BLcL 12, HKcL15 and HF. The complete sequence of HF, is shown in Figure 1A (hSNF2L; GenBank accession #M88163).
In clone HF, an open reading frame (ORF) was found beginning at base 142, as defined by an in-frame ATG with an in-frame stop codon upstream at position 51. The ORF is capable of encoding a polypeptide of 976 amino-acids and is followed by a 3' untranslated region of -0.6 kb with poly-A tract.
The human fibroblast, human kidney, and bovine lens clones were found to have essentially identical sequence in the 3' direction beginning at position 77 in HF. As shown in Figure IB , however, the fibroblast cDNA clone HF contained 76 bp of sequence at its 5' end, in the putative 5' untranslated region, that were not present in the human kidney clone HKcL15 (hSNF2L-2; Accession #M89907) or in the bovine lens clone BLcL12; furthermore, HKcL15 and BLcL12 both contained 263 bp of 5' sequence not present in the fibroblast clone. This alternative 5' sequence in HKcL15 and BLcL12 eliminated the upstream stop codon at position 51 in the fibroblast clone and provided another upstream, in-frame ATG that could encode an additional 78 amino acid residues at the amino terminus of the protein.
Northern and Southern analysis
Northern blot analysis using HF as a probe revealed a 4.4 kb transcript present in human heart, brain, placenta, lung, liver, skeletal muscle and kidney (Fig 2) ; in a separate experiment, a similar transcript was found in human fibroblast RNA but not in Epstein-Barr virus-immortalized lymphoblastoid cells. Control probing with a ribosomal protein gene cDNA rpL32 (6) showed the loading of RNA in figure 2 was equivalent in each lane and that the lymphoblastoid RNA which failed to give a signal with HF gave a good signal with the control probe (data not shown). A 260 bp probe prepared from the 5' end of HKcL15, comprising the region of the kidney cDNA not present in fibroblast clone HF, detected this same 4.4 kb hSNF2L transcript in fibroblasts (data not shown), indicating that this 5' sequence, although not present in our particular fibroblast cDNA clone, is present in fibroblast mRNA.
The human and bovine cDNAs detect identical restriction fragments in somatic cell hybrids L0I-6TG (containing the regions Xpter-q25) and X3000-1 l(Xq24-qter), but neither cDNA detected any human-specific fragments in hybrid F649-5 (Xq25-qter) (Fig 3) . The same restriction fragments were also found in a set of overlapping YAC chromosomes covering 250 kb around the t(X;3) breakpoint (data not shown). Thus, the human gene maps to Xq24-q25, within 250 kb immediately proximal to the t(X;3) breakpoint. The 260 bp 5' probe unique to the human kidney and bovine lens cDNAs also mapped to the region around the t(X;3) indicating that it is derived from the gene and is not a ligation artifact generating during cDNA cloning.
Similarity searches using the nucleic acid and peptide sequences of hSNF2L identified significant similarities over ~ 600 amino acids to sequences derived from the S. cerevisiae transcriptional regulators SNF2/SWI2 (3, Accession # M61703) and STH1 (4, Accession # M83755), and the D.melanogaster homeotic regulator brahma (5, Accession # M85O49). Within this region, particularly good conservation is seen in numerous short domains, as shown in Fig 4. Of these, the domains marked with * contain motifs associated with the nucleotide binding fold of NTP binding proteins (20) , while motifs within domains marked with + are found in a number of putative helicases (4, 20) . Direct comparison with the predicted peptide sequence of the mouse B-cell nuclear factor NF&Y (21) also demonstrated strong similarity to hSNF2L over the entire region overlined with a dashed line.
In addition, more limited similarities were identified to sequences within the S.cerevisiae gene M0T1 (22, Accession # M83224) coding for a presumed helicase, S.cerevisiae RAD54 (23, Accession # M63232), which is involved in DNA repair and recombination, and the D.melanogaster lodestar gene (24, Accession # X62629), which may play a role in chromosomal replication and mitosis. Scanning the hSNF2L sequence with the patterns from the ProSite database identified a potential leucine zipper motif beginning at amino acid 258 of the predicted peptide. However, the significance of this motif is unknown since this leucine zipper motif is not conserved between man, drosophila and yeast, as shown in Figure 4 , and a proline residue at position 264, which is highly conserved between all three organisms, interrupts the zipper motif.
Complementation Analysis
To determine whether the hSNF2L protein provides SNF2 function in yeast, we tested whether the hSNF2L gene in multicopy restores growth of a snf2 mutant on raffinose. The S.cerevisiae host strain MCY2156 (snJ2) was transformed to histidine prototrophy with pLexA-hSNF2L, which expresses the N-terminal 87 residues of LexA fused to hSNF2L from amino acid residue 2 through the entire open reading frame. As controls the strain was also transformed with the vector pSH2-l, which expresses only the DNA binding domain LexAi_g7 (17), with pLexA-hSNF2Lopp (same as pLexA-hSNF2L except that the hSNF2L sequence is cloned in the opposite orientation into pSH2-l), and with pLexA-SNF2 (expressing a bifunctional SNF2 fusion protein) (3). His + transformants were then scored for raffinose utilization. Only the transformants carrying pLexA-SNF2 grew well on raffinose. We detected no differences in growth between the six transformants carrying pLexA-hSNF2L and the two negative controls, pSH2-l and pLexA-hSNF2Lopp. These results indicate that the human hSNF2L gene does not provide SNF2 function in yeast.
We also tested whether multiple copies of hSNF2L suppress the lethality of an sthl mutation (4). Plasmid pLexA-hSNF2L was used to transform diploid strain MCRY920 (sthl-l::URA3/STHl his3/his3 ura3/ura3), and three His + transformants were sporulated with selection for the plasmid, and subjected to tetrad analysis. All 19 dissected asci yielded only two viable spores. All of the viable spore clones were Ura~ and His" 1 " confirming that they carried the wild-type STH1 allele and the plasmid. Thus hSNF2L on a multicopy plasmid does not compensate for loss of STH1 function.
Transactivation
The yeast protein SNF2 appears to lack, intrinsic DNA binding activity but, when fused to the DNA-binding domain of LexA in a chimeric protein, is able to activate transcription of genes downstream of LexA binding sites. In order to test hSNF2L for similar transactivation activity, pLexA-hSNF2L was transformed into yeast with lacZ as a reporter gene carried on pLR 1A1, which lacks LexA binding sites, and pi 840, which carries LexA binding sites. For controls, yeast carrying pLRl 1 and pi840 with or without pSH2-l alone were grown to log-phase, permeabilized, and assayed for /3-galactosidase activity-no increased activity of /3-galactosidase over negative controls was detected in any of the experimental conditions. Because of the negative complementation and transactivation results using pLexAhSNF2L, an immunoblot of the pLexA-hSNF2L product was carried out and showed an -130 kd protein, which is in agreement with the expected size of an in-frame fusion between lexA^gv and hSNF2L residues 2-977.
Thus, there was no evidence that hSNF2L can activate transcription of a gene downstream of LexA binding sites in yeast when it forms part of a chimeric protein containing DNA-binding domains of lexA.
DISCUSSION
We have cloned, by chance, the bovine and human homologs of a gene which bears significant peptide sequence similarity to several proteins from yeast and flies involved in transcriptional regulation. The near identity of the bovine and human clones over most of their length makes it quite likely that the functions of the encoded proteins will be similar in both mammalian species. The presence of 5' sequence in the HF clone different from that in the BLcL12 or HKcL15 clones raises the possibility that the human gene may undergo alternative splicing or have alternative transcriptional start sites. If this is the case, though, both products must be present in fibroblast and kidney. Further study using the unique 5' sequence from clone HF will be required to confirm this.
Little is known at present about the function of hSNF2L or its bovine counterpart. Given the strong homology of hSNF2L to SNF2/SWI2 and brahma, it was reasonable to ask whether hSNF2L was able to complement snf2 and sthl mutations and whether a LexA-hSNF2L chimeric protein will act to transactivate transcription of a gene downstream of LexA binding sites, as has been shown for SNF2. No such activity was found for hSNF2L. Its nearly ubiquitous expression in human tissues, however, indicates that a general involvement of hSNF2L in transcription regulation in mammalian cells is possible and deserves to be investigated further.
The significant degree of similarity which hSNF2L bears to the S.cerevisiae genes SNF2/SWI2 and STH1, and the D.melanogaster gene brahma does imply that these may be a family of evolutionarily related genes or may be genes with different functions but with evolutionarily conserved domains that serve similar functions. In general, SNF2 and brahma appear to exert their effects as part of multifactor complexes, and may serve as bridges between specific DNA-binding proteins and the transcriptional apparatus (3, 25) . In addition, several motifs characteristic of DNA helicases are present. It has been theorized that these conserved helicase domains indicate that these genes may play a role in the unwinding of compact chromatin, in order to make specific regions available for transcription (4, 5, 25) . This alternate hypothesis is supported by the observation that some suppressors of swi2/snf2 mutants map to components of chromatin (4) . However, the exact mechanisms by which the SNF2/SWI2 or brahma proteins effects transcriptional regulation are unclear. SNF2/SWI2 normally does not bind DNA but, if tethered by a synthetic DNA binding domain, is able to activate transcription, while STH1 lacks this property. Genetic studies have shown that brahma interacts with several homeotic genes, but little is known about the mechanism of its action.
There is no known phenotype in man resulting from mutations in hSNF2L. A few hereditary disorders have been mapped to the region Xq24-Xq26 for which hSNF2L might be a candidate. It is unlikely to be involved in a disorder of B-lymphocyte function, such as hyper-IgM syndrome, since it is not expressed in lymphoblasts at levels detectable on a Northern blot. The gene is present (data not shown) in a male patient with X-linked lymphoproliferative disease and an Xq25 interstitial deletion (26) , making its involvement in this disorder also unlikely. A number of other defects, such as albinism-deafness syndrome (McK 300700) and X-linked mental retardation with Dandy-Walker malformation, basal ganglia disease, and seizures (McK 304340), also map broadly to this area but their phenotypes are not particularly compatible with a possible role for hSNF2L as a putative transcription co-activator.
As the Human Genome Project progresses, many new genes will be identified from their chromosomal location without knowing their normal function or the phenotype resulting from mutations in these genes. Sequence homologies to genes, identified in model organisms through genetic and biochemical studies, will be important first clues as to the possible functions of these human genes.
